I
mproving health care for individuals with multiple chronic conditions (MCCs) is a national priority because these individuals experience disproportionately high rates of morbidity, mortality, hospitalization, and hospital readmission. 1, 2 Medicare estimates that two-thirds of its beneficiaries have two or more chronic conditions 2 and that the 14% of Medicare beneficiaries with six or more chronic conditions account for almost half of all Medicare spending. 3 Despite the collective importance of this population, definitions and measures of MCCs vary widely among researchers, policy-makers, and practitioners. 4 The multitude of approaches used to define the chronic conditions that constitute MCCs complicates clinical and policy efforts to target those at high risk of specific poor health outcomes. For example, Medicare created a new mechanism in January 2015 to reimburse healthcare teams for providing chronic care management services to Medicare beneficiaries with MCCs, defined as "two or more chronic conditions that are expected to last at least 12 months and that confer a significant risk of death, decompensation, or functional decline." 5 Without a widely accepted definition of MCCs or established mechanisms for identifying individuals with MCCs in medical records, providers may be unsure of whether a particular individual is eligible for chronic care management services. In addition, health systems striving to improve 30-day hospital readmission quality metrics need to understand the clinical implications of the MCC definitions they may be using to identify highrisk individuals for resource-intensive transitional care or care management interventions. [6] [7] [8] [9] [10] Although the concept of comorbidity burden is a wellestablished risk factor for hospital readmission, [11] [12] [13] [14] it has been defined in a wide variety of ways. Half of established readmission risk prediction models 11 incorporate a version of the Charlson Comorbidity Index (CCI) 15 or the Centers for Medicare and Medicaid Services (CMS) Hierarchical Condition Categories. 16 Medicare Chronic Condition Warehouse (CCW) condition definitions are widely used in health services research, [17] [18] [19] and clinicians have also received guidance that CCW condition definitions could be used to identify individuals who are eligible for enhanced chronic care management services. 20 Medicare Advantage health insurance plans have been using a different strategy to target care coordination services toward high-need beneficiaries by selecting any of 15 "severe and disabling chronic conditions" to qualify beneficiaries at high risk of hospitalization or other adverse health outcomes for chronic condition Special Needs Plans (c-SNPs). 21 A congressional panel of clinical advisors including the Director of the Agency for Healthcare Research and Quality determined these 15 c-SNP conditions. 22, 23 Health systems worldwide use the Johns Hopkins Adjusted Clinical Groups (ACG) Case-Mix System software, which contains its own algorithms for generating chronic condition counts, called Expanded Diagnosis Clusters (EDCs), 24 to predict future healthcare costs. Each of these methods of defining chronic conditions from diagnosis codes varies greatly. Although there have been several direct comparisons of the ability of comorbidity measures to predict mortality, [25] [26] [27] there are few direct comparisons of comorbidity measures predicting healthcare expenditures 28 or hospital readmissions, 29, 30 outcomes of considerable practical importance to policy-makers and health systems alike.
The purpose of this study was to compare the abilities of four chronic disease classification systems commonly used in research and policy-making to identify individuals with two or more chronic conditions at risk of hospital readmission. A threshold of two chronic conditions was chosen for consistency with the MCC criteria that the U.S. Department of Health and Human Services 1 and Medicare use. 2, 5 The Charlson Comorbidity Index (CCI), Medicare's CCW condition categories, Medicare Advantage c-SNP conditions, and the Johns Hopkins ACG Case-Mix System EDCs were compared. The specific objectives of these comparisons were to determine the extent of agreement between four definitions of MCC in a national cohort of Medicare beneficiaries and compare the definitions' ability to predict 30-day hospital readmissions. It was hypothesized that the different MCC definitions would demonstrate moderate to poor agreement and that the MCC definitions including the greatest number of possible chronic conditions would be the most sensitive, but least specific, predictors of 30-day hospital readmissions.
METHODS

Design, Setting, and Participants
This retrospective cohort study used Medicare claims data from 2004 to 2009 from a 5% random sample of Medicare beneficiaries in the Chronic Condition Data Warehouse. 31 The Medicare provider of service file was used to obtain hospital characteristics. Medicare fee-for-service beneficiaries aged 65 and older who were discharged from the hospital between January 1, 2005, and December 1, 2009; were enrolled in Medicare Part A and Part B for 12 months before the date of admission and for 12 months after the date of discharge unless they died during the postdischarge period; and experienced at least one inpatient or two outpatient (evaluation and management visit or emergency department visit) encounters in the 12 months before the index admission to ensure an adequate number of claims from which to obtain diagnostic codes during the baseline year were focused on. Beneficiaries who died in the hospital or left against medical advice during their index admission were excluded, consistent with Medicare's readmission metric approach. The University of Wisconsin-Madison Institutional Review Board determined that this study did not meet criteria for human subjects research.
Measures
The number of chronic conditions was measured for each Medicare beneficiary using four separate approaches: Medicare's CCW Conditions (CCW Original Version), 32 CCI conditions, 33 Johns Hopkins ACG Case-Mix System version 10 EDCs with the stringent diagnostic certainty option enabled (version 11 is the most-recent version), and 4) Medicare Advantage c-SNP conditions ( Table 1 ). The cSNPs were derived from Hierarchical Condition Categories (HCCs) (version 22) using a previously published strategy for deriving c-SNPs from version 12 HCCs. 16 A previously developed approach 34 for identifying dementia was used because dementia is a c-SNP condition that does not have an equivalent HCC in the HCC community claims model. Medicare Advantage health insurance plans are currently using the 15 c-SNP conditions to identify beneficiaries eligible for enhanced care coordination services using physician verification of eligibility criteria rather than from claims data algorithms. 21 All chronic condition definitions were derived from claims in the 12 months before the index admission except for the 21 CCW conditions, which are included in the Chronic Condition Data Warehouse data file as "ever" variables based on the first occurrence of a claim since beneficiary enrollment. The look-back period for CCW conditions was not restricted to the baseline year alone because the ability to measure the cumulative prevalence of CCW conditions is a core feature of the CCW condition definition that is often considered an advantage, and cumulative prevalence of CCW conditions is used in Medicare's Chronic Condition Chartbook.
The primary outcome was all-cause hospital readmission within 30 days of discharge from the first index admission that each beneficiary experienced during the study period. Other beneficiary-level variables included age, sex, race, initial Medicare enrollment because of disability, index hospitalization length of stay, discharge to a skilled nursing facility, baseline year use (hospitalizations, emergency department visits, clinic visits), and death within 30 days of hospital discharge. Beneficiaries needed to survive until hospital discharge to be at risk of the primary outcome of 30-day hospital readmission and to be included in the study population. Hospital-level variables, obtained from Medicare's provider of service data file, included index hospital type (nonprofit, for profit, public) and total beds.
Statistical Analysis
The prevalence of having two or more chronic conditions was first examined in the cohort using the four different definitions of MCCs, along with the baseline characteristics of Medicare beneficiaries and their index hospitalizations, stratified according to MCC definition. Agreement between each pair-wise combination of MCC definitions was assessed using Cohen kappa statistics. 35 Area-proportional elliptical Venn diagrams were created to compare the subsets of beneficiaries with MCCs as defined according to each measure with the subset of beneficiaries who experienced 30-day hospital readmissions. Venn diagrams were drawn using eulerAPE version 3 software 36 (Luana Micallef and Peter Rogers, University of Kent, Canterbury, UK) and PowerPoint (Microsoft Corp., Redmond, WA). As a sensitivity analysis to further understand the implications of the choice to use a limited number of c-SNPdefined HCCs rather than all 79 HCCs, a Venn diagram comparing the subset of beneficiaries with cSNP-defined MCCs (≥2/15 conditions) with the subset of beneficiaries with MCCs defined using total HCCs (≥2/79 conditions) in relation to 30-day hospital readmissions was also created.
To determine the relationship between MCC category and 30-day hospital readmissions, the sensitivity, specificity, and likelihood ratio estimates for each MCC measure with respect to the primary outcome were calculated. Likelihood ratios were calculated from receiver operating characteristic (ROC) curve analysis. 37 Lastly, multivariable logistic regression was used to assess the ability of each MCC definition to predict 30-day hospital readmission, adjusting for baseline individual characteristics (age, sex, race, Medicaid status), index hospitalization characteristics (length of stay, discharge to skilled nursing facility, number of hospital beds, hospital type), and baseline year use (emergency department visits, hospitalizations, outpatient visits). After identifying the two MCC definitions most predictive of 30-day hospital readmission, the individual chronic conditions within those definitions that had the highest positive likelihood ratios for predicting 30-day hospital readmission were identified. Sensitivity analyses were conducted to understand the ability of cutoffs other than two or more chronic conditions to predict 30-day hospital readmissions by using discrete chronic condition counts in ROC curve analyses adjusted for the same variables as the logistic regression. Analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC) and Stata version 13.1 (StataCorp LP, College Station, TX). Less than 1% of data was missing (Table 2) .
RESULTS
Degree of Agreement Between MCC Definitions
The study sample included 710,609 Medicare beneficiaries who experienced at least one hospitalization from Expanded diagnoses clusters are intended to be used to investigate the epidemiology of diseases in populations in contrast to the Johns Hopkins Adjusted Clinical Groups Case-Mix System Aggregated Diagnosis Groups, which are actuarial cells designed for risk prediction modeling that include information about condition duration, severity, diagnostic certainty, etiology, and specialty care required. The Medicare Advantage Special Needs Plan Chronic Conditions (c-SNPs) were derived from Hierarchical Condition Categories (HCCs) version 22 using a previously published strategy for deriving c-SNPs from version 12 HCCs. 16 The current study used the Taylor Flag 34 for dementia because dementia is a c-SNP condition that does not have an equivalent HCC in the HCC community claims model. Medicare Advantage health insurance plans are currently using the 15 c-SNP conditions to identify beneficiaries eligible for enhanced care coordination services through physician verification of eligibility criteria rather than from claims data algorithms. Table 2 ). Comparing baseline beneficiary characteristics according to MCC definition, beneficiaries with ACG-defined and CCI-defined MCCs had slightly higher Medicaid enrollment, higher hospice enrollment, and more clinic visits in the 12 months before admission and were more likely to be discharged to skilled nursing facilities. Overall, there was slight (0.03 between CCW and ACG) to moderate (0.44 between CCI and c-SNP) agreement between pair-wise combinations of MCC definitions in regard to which beneficiaries were categorized as having or not having MCCs (Table S1 ). 
Emergency department visits in 12 months before index admission, median (IQR) There were 1,523 observations (0.21%) missing from the provider of service file for index admission hospital type and 1,518 (0.21%) observations missing for index hospital total beds. IQR = interquartile range.
Degree of Overlap Between MCCs and 30-Day Readmission According to MCC Definition
The subsets of beneficiaries with MCCs as defined according to each measure are compared with the subset of beneficiaries who experienced 30-day hospital readmissions in Figure 1 . CCW offered the most-inclusive definition, with CCI-defined, ACG-defined, and c-SNP-defined MCCs forming population subsets almost entirely within CCWdefined MCCs. CCW-defined, CCI-defined, ACG-defined, and c-SNP-defined MCCs overlapped, with 11.1%, 6.3%, 3.7%, and 8.6% of the 11.6% of total Medicare beneficiaries experiencing 30-day hospital readmission, respectively.
Although CCW-defined MCCs identified the largest proportion of beneficiaries who experienced 30-day hospital readmissions, it also identified the largest proportion of beneficiaries who did not experience a 30-day hospital readmission (81.9%).
Ability of MCC Definitions to Predict 30-Day Hospital Readmission
Having CCW-defined MCCs was the most-sensitive but least-specific predictor of having a 30-day hospital readmission (Table 3) . Conversely, having ACG-defined MCCs was the least-sensitive but most-specific predictor of having a 30-day hospital readmission. In the adjusted logistic regression analysis, having CCI-defined MCCs and c-SNPdefined MCCs was most closely associated with 30-day hospital readmission. The odds of having a 30-day hospital readmission was 45% greater for beneficiaries with CCIdefined MCCs and 50% greater for beneficiaries with c-SNP-defined MCCs (Table 4 ). In sensitivity analyses in which the same multivariable logistic regression models were run with chronic condition counts rather than dichotomous MCC status the area under the ROC curve remained highest for CCI-defined and c-SNP-defined chronic condition counts (Table S2) . A complete list of odds ratios for each variable in the adjusted logistic regression models (Table 4) , with (Table S3 ) and without (Table S4 ) adjustment for baseline year healthcare use is available in the supplemental materials.
Most-Predictive Chronic Conditions within MCC Definitions
Within the CCI measure, moderate to severe liver disease (positive likelihood ratio (LR+) 2.86), renal disease (LR+ Table S5 .
DISCUSSION
Comparing four commonly used definitions of MCCs in the same population of Medicare beneficiaries demonstrated fair to poor agreement in classifying individuals as having or not having MCCs. Although low agreement was expected, the hypothesis that the definitions including the greatest number of possible chronic conditions would be the most-sensitive but least-specific predictors of 30-day hospital readmission was incorrect. CCW-defined MCCs (≥2/21 conditions) were the most sensitive and ACGdefined MCCs (≥2/119 EDCs) were the most specific. The Adjusted for age, sex, race, Medicaid status, index hospitalization length of stay, discharge to skilled nursing facility, number of hospital beds, hospital type, baseline year hospital admissions, baseline year emergency department visits, and baseline year outpatient visits. A complete list of odds ratios for all variables in this model can be found in Table S3 .
two definitions with the greatest agreement, CCI conditions and c-SNP conditions, also demonstrated the greatest discriminatory power for differentiating individuals who would experience 30-day hospital readmissions from those who would not. Even though all of the definitions were intended to identify Medicare beneficiaries with two or more chronic conditions, there was a large disparity in the prevalence of MCCs between different measures. These results confirm that different MCC definitions cannot be used interchangeably. There are clinically relevant implications for methodological differences in how these definitions are operationalized that need to be taken into account when applying these definitions to case finding in clinical practice. For example, in the context of a hospital-based transitional care program attempting to identify individuals at highest risk of 30-day hospital readmission, the high specificity of the ACG EDCs and CCI conditions reflects morestringent selection criteria. The ACG stringent diagnostic certainty option required individuals to have more than one diagnosis code during the baseline year to be classified as having certain EDC conditions. Similarly, the CCI methodology required one inpatient or two outpatient diagnosis codes meeting criteria for a particular condition for an individual to be classified as having that condition. The high prevalence of CCW-defined MCCs in this population is related to the broadly inclusive criteria inherent to this classification system, resulting in low ability to distinguish between individuals who would or would not experience 30-day hospital readmission. Therefore, using CCW-defined MCCs in a hospital setting would be less likely to assist in identifying individuals at risk of 30-day readmission who could benefit from transitional care interventions. This finding is consistent with publicly available CMS reports, in which Medicare beneficiaries with MCCs (as defined according to CCW conditions) account for 98% of all hospital readmissions. 2 A characteristic feature of the CCW classification system is its ability to identify individuals with any history of a single diagnosis code in their lifetime Medicare enrollment. In contrast, the other classification systems were applied only to Medicare claims from the baseline year. As a result, the MCC definitions identifying individuals with recent claims may include conditions requiring more-active management, whereas the CCW classification system may be more likely to identify inactive disease.
These findings further suggest that types of chronic conditions included in different MCC definitions may be important factors in their abilities to identify individuals who are likely to experience a 30-day hospital readmission. The next-best-performing MCC definition (CCI) shares nine of the 15 conditions that compose the highestperforming MCC definition (c-SNPs). Different forms of liver disease and kidney disease are the individual conditions in each definition most predictive of readmission. The higher LRs associated with these conditions suggest that having liver or kidney disease as a comorbidity increases the risk of 30-day readmission by 15% to 20% above one's initial "pretest probability." This finding is consistent with other research that found that individuals with chronic kidney disease as a comorbidity, rather than as the primary diagnosis for an index hospitalization, were at highest risk of potentially avoidable hospital readmissions. 12 Decline in kidney or liver function is a known risk factor for medication errors, 38 and adverse drug events are common reasons for acute care encounters in older adults. 39, 40 These findings have important implications for clinicians and policy-makers. The unique features of the CCW "lifetime look-back" period may be most representative of a clinician's perspective of an individual's lifetime accumulation of chronic conditions. When clinicians are identifying individuals with two or more chronic conditions "that confer a significant risk of death, decompensation, or functional decline" as required to be eligible for Medicare's chronic care management services, it will be important to consider the need for active management of those conditions in the prior year to identify those who are at highest risk of poor health outcomes. Similarly, CCW conditions are analogous to past medical histories and problem lists that accumulate diagnosis codes in electronic medical records (EMRs). If EMRs are designed to identify individuals with MCCs in the future, it will be important to consider the EMR's ability to distinguish active from inactive chronic conditions. Identifying individuals with actively managed chronic conditions who have had claims related to that condition in the prior 12 months may be a better strategy for identifying individuals at risk of 30-day readmission than identifying those with a lifetime accumulation of certain conditions.
Additionally, more-detailed classification that accounts for disease severity, rather than just presence or absence of a condition, may facilitate identification of individuals with MCCs who are at risk of poor health outcomes. The 15 c-SNP conditions were specifically selected to represent "severe and disabling chronic conditions," and several CCI conditions are distinguished according to severity. In contrast, the current study suggests that CCW-defined conditions, which do not account for disease severity, have low specificity for identifying individuals at high risk of poor health outcomes. By focusing on individuals with MCCs who have conditions likely to result in 30-day readmissions, health systems may be able to better manage their high-cost populations by offering upstream interventions to prevent poor outcomes. As new quality metrics are applied to populations with MCCs, such as the risk-standardized acute admission rates for individuals with MCCs that was applied to accountable care organizations starting in 2015, it will be increasingly important to use a consistent definition of MCCs. Eight CCW conditions (with a range of 1-3 years of "lookback" for eligible diagnosis codes) are currently used to define the population with MCCs for this accountable care organization quality metric, 41 but the current MCC definition omits liver disease, which was found to be an important component of MCC definitions in this study. With increasing numbers of services and quality metrics targeted toward individuals with MCCs, it may be advantageous for clinicians and policy-makers to use MCC measures that account for active management and disease severity, such as c-SNP or CCI, to match interventions with individuals at highest risk of poor health outcomes.
Although CCW-defined MCCs was the most sensitive MCC measure, and ACG-defined MCCs was the most specific measure, CCI-defined and c-SNP-defined MCC measures performed better at distinguishing individuals who would have 30-day hospital readmission from those who would not. A balance between sensitivity and specificity is necessary to identify "high-risk" individuals for health service interventions, and that balance may need to be optimized in the context of the specific health outcomes that a program is trying to affect.
Limitations
Although this study used a nationally representative cohort of Medicare beneficiaries, there are limitations inherent in the retrospective design. Baseline data on chronic conditions were originally collected for billing rather than research purposes, a common limitation of health services research. Access to and use of the healthcare system is required to receive medical diagnoses. Those with more inpatient and outpatient visits in the baseline year have more opportunity to acquire diagnoses and are at higher risk of future health care use, including the primary outcome of 30-day hospital readmissions. In addition to adjusting the analytical models for baseline use, this limitation was mitigated by ensuring that all individuals included in the cohort had at least one inpatient or two outpatient or emergency department visits in the baseline year so that every person had a similar minimum threshold of opportunities to acquire diagnoses. Nevertheless, these inclusion criteria limit the generalizability of the study to Medicare beneficiaries with lower levels of baseline health care use. In addition, there are other chronic condition classification systems beyond the four examined in this study that are worthy of further study. 4 Finally, although this study focused on 30-day hospital readmissions, future studies are needed to investigate the comparative abilities of these MCC definitions in predicting other important outcomes such as morbidity, mortality, postacute care use, and overall cost of care.
CONCLUSION
Common definitions for identifying individuals with MCCs have major differences and poor agreement. If seeking reliable approaches for identifying individuals with MCCs at high risk of 30-day hospital readmission, the c-SNP conditions and CCI conditions demonstrate the most discriminatory power of the classification systems tested. Further research is needed to incorporate more-discriminatory comorbidity measures into full readmission risk-prediction models that contain multiple risk factors for hospitalization, including functional status. 42 c-SNP conditions are rarely used outside of Medicare Advantage health plans, 43 and they warrant further study as a means of identifying individuals for readmission reduction programs or other care coordination services.
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